Abstract: An efficient and inexpensive monolithic stationary phase (PHEMA-HA) has been prepared through an easy process comprising addition of humic acid (HA) to a mixture of 2-hydroxyethyl methacrylate (HEMA) and N,N'-methylenebisacrylamide (MBAAm) and subsequent radical-polymerization at -20
Introduction
Monolithic stationary phases are separation media prepared by polymerization of suitable monomers in a desired shape and size. By careful control of some experimental parameters (e.g., the ratio of monomers and solvent, catalyst), their morphology can easily be controlled. On the other hand, more sophisticated methodologies are usually necessary for functionalization of a monolith, and thus tuning its surface chemistry. Application of functional monomers during polymerization may be a method of choice to obtain functional monoliths; however, it is sometimes difficult to find a functional monomer that is suitable for particular application. Cryogels are highly porous polymeric hydrogels prepared at subzero temperatures. This class of polymeric materials is very popular in preparation of monolithic materials. Good stability, ease of preparation, and porous morphology make cryogels important materials for the design and preparation of new types of adsorbents and stationary phases. In the literature, monolithic cryogels are usually applied in separation processes of biologically important species as well as in microbiology.
2 Functional monolithic cryogels can be prepared by copolymerization of suitable monomers and subsequent ligand immobilization or by graft polymerization 1,3 * Correspondence: ogezici@gmail.com
The chemistry of humic acid (HA) has attracted the attention of researchers dealing with separation processes. HA naturally bears a great number of suitable functional groups (e.g., carboxylic acid and phenolic hydroxyl), and thus it can attract chemical species and biologically important species through various specific interactions like ion exchange and complex formation. In this context, adsorption of metal ions should be mentioned as a well-recognized concept that relies on specific interactions between HA and metal ions.
4,5
To date, various HA-incorporated adsorbents/stationary phases have been used in adsorption and chromatography. Among the studied materials, insolubilized HA and HA-immobilized supports (i.e. silica and polymeric supports, magnetite nanoparticles, and electrospun nanofibers) can be mentioned.
5−11
Owing to its multifunctional character, HA can interact with different types of chemical species (e.g., polar, nonpolar, ionic) through various interaction mechanisms (e.g., Van der Waals, polar-polar, hydrogen bonding, ionic exchange, complex formation). This feature has been successfully employed in liquid chromatography so that reversed-phase chromatography (RPLC), hydrophilic interaction chromatography (HILIC), ligandexchange chromatography (LEC), and normal-phase chromatography (NPLC) modes of high-performance liquid chromatography (HPLC) have been successfully performed on HA-incorporated stationary phases, 9, 12, 13 In some of the applications, the interaction mechanisms could easily be manipulated by changing the composition of the mobile phase or by loading a heavy metal to the stationary phase. This made it easy to switch between different modes of HPLC and thus to perform more than one mode on the same stationary phase. 9, 12 Despite the extensive use of "humic-stationary phases" in various modes of HPLC, their application in protein chromatography has not yet been studied. However, a surface "decorated" with humic macromolecules might offer an attractive separation medium for proteins.
Granular stationary phases prepared by immobilization of HA are suitable for the chromatography of low-molecular-weight compounds. On the other hand, the morphology of granular stationary phases may not be suitable for the transport of proteins (which are huge in size) through the solid phase. This restricts effective interaction of proteins with the stationary phase and influences overall mass-transfer phenomena that would take place at the liquid/solid interface, as well. Therefore, a support material that has sufficiently large pores is beneficial in protein chromatography.
With this motivation, the objective of the present work is to study:
1. incorporation of HA within a monolithic cryogel matrix (and thus to prepare a new type of monolithic cryogel) through a straightforward methodology, and 2. the stationary phase behavior of the new material in protein chromatography.
The present work is thought to be useful in the design and preparation of new types of HA-incorporated separation media.
Results and discussion

Elemental analysis
The elemental analysis results for HA, PHEMA (i.e. poly(2-hydroxyethyl methacrylate)), and PHEMA-HA (i.e. HA-immobilized PHEMA) are listed in the Table. The results obtained for HA are compatible with the typical elemental composition observed for HA: a network that mainly comprises C and O elements and in lower proportions H, N, and S elements. Because the content of the S element in HA itself is very low, it could not be detected in PHEMA-HA. From the percentages of C, H, and N elements in HA, PHEMA, and PHEMA-HA, the amount of HA incorporated into the structure was calculated as 45 mg of HA per gram of PHEMA-HA.
The calculated value is comparable to those previously reported for HA-immobilized silica.
7 Thus, the presence of HA within the cryogel matrix was evidenced by elemental analysis. 
FTIR spectroscopy
FTIR spectroscopy is a useful technique in evaluating the success of a surface modification process. The technique relies on vibrations of covalent bonds, and it is generally implemented as a supplementary technique in surface characterization. Depending on the nature of the immobilization process under consideration, new bands may arise (or some bands may disappear) in the spectrum after surface modification. The technique can supply significant information about the mechanism of immobilization, as well. Hence, FTIR spectroscopy is accepted as an indispensable technique in surface characterization.
In order to evaluate incorporation of HA into the cryogel matrix, the spectra of PHEMA and PHEMA-HA were compared with each other ( Figure 1 
Hydrolytic stability
The stationary phase is accepted as the key factor determining the overall success of a chromatography process.
14 Therefore, a stationary phase should have suitable physicochemical properties such as capacity, selectivity, morphology, and mechanic and hydrolytic stability. Hydrolytic stability refers to the capability of a stationary phase to retain its chemical integrity, at least under the studied experimental conditions. For example, it is not advised to use silica-supported stationary phases at pH values above 8-9 because of hydrolysis of silica.
1
Similarly, solid HA is prone to dissolve in water at pH values above 3, and thus it is not advised to use HA directly as a solid/stationary phase. 5 Moreover, in the case of HA-immobilized supports, HA leakage is a potential risk, and for this reason it is necessary to study the hydrolytic stability of PHEMA-HA.
7,9
To study its stability, PHEMA-HA was put in an aqueous solution of pH 11 over a 72-h time period. Afterwards, the supernatant was analyzed by UV-Vis. Spectroscopy at 410 nm and the amount of HA released into solution was determined. The amount of HA released into the solution was found not to be greater than 5% of the total HA immobilized to the PHEMA matrix (45 mg/g). Hence, it was understood that the material exhibited a high stability even at alkaline conditions, and its stability was found to be comparable to (or better than) that of insolubilized HA and immobilized HA.
5,6,9 Therefore, it was concluded that there was no risk of HA leakage under the studied experimental conditions.
Surface charge characteristics
Depending on the net electrical charge on its surface, a stationary phase may be repulsive or attractive for an ionic species. In practice, surface charge characteristics of a stationary phase are evaluated on the basis of the pH point of zero charge (i.e. pH pzc ), which is the pH value at which the electrical charge density on a surface is zero. When the medium pH is lower than the pH pzc of a stationary phase, its surface is charged positively, while at pH values greater than pH pzc , the surface is charged negatively.
15,16
The concept of pH pzc is of great importance in protein ion-exchange chromatography, and for this reason some experiments have been conducted to study surface charge characteristics of PHEMA-HA. Besides, probable changes in surface acidity can be evaluated as indicators for incorporation of HA into the PHEMA matrix. For this purpose, the pH-drift method was followed to determine pH pzc values of PHEMA and PHEMA-HA.
17
The pH pzc value of PHEMA was found to be decreased from 6.2 to 2.4 after incorporation of HA (figure not shown). Such an obvious increment in the surface acidity reveals incorporation of HA into the PHEMA matrix.
The determined value (i.e. 2.4) was found to be very close to those previously reported for HA-immobilized materials. 7,9 Increment in surface acidity was mainly attributed to carboxylic acid groups of HA, and owing to these functional groups, PHEMA-HA was thought to behave as a weak cation exchanger in protein ion-exchange chromatography.
Morphology
HA is a macromolecule exhibiting molecular masses ranging from several thousands to much greater values.
18
Because of its huge structure, incorporation of HA in a cryogel matrix might influence the morphology of cryogels, and this might influence the performance of the stationary phase in protein chromatography, too. The effect of HA incorporation on the morphology of PHEMA was studied using various techniques/methods like scanning electron microscopy (SEM), mercury intrusion porosimetry, and void fraction analyses.
In the first set of experiments, SEM images were utilized to compare microstructures of PHEMA and PHEMA-HA with each other. As seen in the SEM images ( Figure 2 ), both PHEMA and PHEMA-HA have macropores connected to each other through thin polymeric walls. The size of pores is seen to be mainly ranging from 10 to 100 µ ** revealing macroporous textures for each. Despite similarities observed in the morphologies, PHEMA-HA was observed to comprise larger pores when compared to PHEMA. Nevertheless, based on SEM images, it can be said that the morphology of PHEMA-HA resembles the typical microstructure of monolithic cryogels. Hence, incorporation of HA into the PHEMA matrix was understood not to have an undesired effect on the microstructure of the monolith. The observed microstructure seems to be suitable for performing protein ion-exchange chromatography on PHEMA-HA. In order to have further information about the microstructure of PHEMA-HA, mercury intrusion porosimetry analysis was performed. The results of mercury intrusion porosimetry analysis (see Figure 3) showed that pore diameters were mostly in the range of 30-100 µ m, thus confirming the results of the SEM images. Hence, the macroporous structure of PHEMA-HA was evidenced by mercury porosimetry, too, and incorporation of HA into PHEMA was understood not to have a negative effect on pore diameters. As a supplementary analysis, the void fraction test was also performed and it was found that PHEMA-HA had a total porosity, ε T , of 0.88. This indicates that a great part of the wet monolith has been occupied by water. As a conclusion of this section, the newly prepared monolithic stationary phase, i.e. PHEMA-HA, has a morphology that is suitable for protein chromatography where sufficiently large pores are desirable for efficient transport of proteins through the stationary phase. 
Performance of the column
The performance of PHEMA-HA column was studied in terms of water permeability and the number of theoretical plates. 22 This is in accordance with our findings, which represented a total porosity of 0.88 for PHEMA-HA. Hence, the k w value calculated for PHEMA-HA confirms the results of SEM, mercury porosimetry, and total porosity analyses.
As a general trend, in monolithic cryogels with macropores, the number of theoretical plates is observed to remain almost unchanged with changes in flow rate. This is ascribed to very small or no mass transfer resistance within the column. The same result has been evidenced for PHEMA-HA (see Figure 4) . Therefore, it can be concluded that the transport of solute within the PHEMA-HA matrix is mainly related to the convection rather than to the diffusion phenomena. 
Protein retention on PHEMA-HA
As mentioned above, its multifunctional character lends HA an interaction capability with different types of chemicals and/or biologically important species. Despite extensive works focused on interactions of HA with metal ions and low-molecular-weight compounds, there are few studies dealing with protein/HA interactions in the literature. However, the interaction of proteins with these naturally occurring biomacromolecules, which are found in all terrestrial and aquatic environments, is an interesting topic to study. Understanding protein/HA interactions is important in estimating the activity of proteins/enzymes in the environment. 24 The studies focused on this issue revealed that electrostatic interactions are important forces promoting protein/HA interactions in solutions. 25 However, a compact knowledge of protein/HA interactions at liquid/solid interfaces is lacking in the literature. With this respect, studying the protein retention on the PHEMA-HA stationary phase is thought to be an important contribution. For this purpose, some experiments were performed to study the role of pH and ionic strength on protein retention on PHEMA-HA.
The roles of salt gradient and mobile phase pH on protein retention were studied by using some model proteins (i.e. Lys, Cyt, and Chy). These model proteins were selected because they bear net positive electrical charge under the studied experimental conditions (i.e. pH 5.0-7.0), owing to their isoelectric points (i.e. Chy, pI ∼ 9; Cyt, pI ∼ 10; and Lys, pI ∼ 11). Thus, the role of the ion-exchange mechanism in protein retention on PHEMA-HA can be reasonably studied with these model proteins. The dependence of capacity factors on the gradient slope and pH has been studied at various pH values (5.0, 6.0, and 7.0) and gradient slopes Figure 5c (pH 7.0). As a general trend, with increasing gradient slope, the capacity factors were found to decrease for each studied protein irrespective of mobile phase pH. Moreover, the studied proteins were observed not to be eluting with running buffer (20 mM phosphate), and the elution occurred only after launching a NaCl gradient in the mobile phase. This clearly indicates the role of electrostatic interactions in protein retention on PHEMA-HA. The importance of electrostatic interactions between proteins and HA has been stated in previous works, and Lys is claimed to be encapsulated by HA through this effect. 24−26 It is very surprising that despite very strong interactions between proteins and HA in solutions, in the present work, the studied model proteins could easily be eluted by applying a salt gradient in the mobile phase. This is probably due to restricted conformational changes in HA as a result of cryopolymerization. In other words, humic macromolecules were thought to be surrounded by the PHEMA matrix during the cryogelation process. Hence, protein/HA interactions on PHEMA-HA are thought to be regulated owing to the mentioned effect. greater protein retention observed at pH 7.0 is thought to be related to increased negative charge density on PHEMA-HA as a result of the dissociation of -COOH groups. Moreover, from pH 7.0 to 5.0, the peak shape distorted significantly, and best peak shapes were observed at pH 7.0. This was again ascribed to multiple proton-dissociation equilibria taking place on PHEMA-HA. As a general trend, for the studied conditions, the retention factors were found to increase in the order of Chy <Cyt <Lys. The given order is clearly compatible with the isoelectric points of the studied proteins: Chy (pI ∼ 9), Cyt (pI ∼ 10), and Lys (pI ∼ 11). It should be noticed that in all cases the retention factors of Chy and Cyt were very close to each other. As discussed below, this made it difficult to separate these proteins from their mixtures. In any case, it is evident from the results that ion exchange is the predominating mechanism of protein retention on PHEMA-HA. 
Protein separation by gradient elution
Gradient elution is one of the most widely applied strategies in protein ion-exchange chromatography. In gradient chromatography, protein elution is promoted by increasing the concentration of the modifier (e.g., NaCl) in the mobile phase gradually. In general, with increasing modifier concentration, the protein under consideration elutes faster. In order to examine the performance of PHEMA-HA with respect to selectivity, some gradient elution experiments were conducted by using protein mixtures. In the first set of the experiments, the separation of Chy, Cyt, and Lys was studied at different gradient elution runs. In most cases, Lys could be separated from Chy and Cyt, while the separation of Chy and Cyt could not be achieved. In our previous study, better selectivity was observed on a monolithic cryogel modified with a 3-mercaptopropane sulfonic acid group.
1 This is thought to be related to the weak cation-exchange behavior of PHEMA-HA. However, when different mixtures of HSA, Mb, Chy, Cyt, and Lys were used in the experiments, baseline separation could be achieved for protein mixtures of HSA-Cyt-Lys (Figure 6a ), HSA-Chy-Lys (Figure 6b ), Mb-Cyt-Lys (Figure 6c) , and Mb-Chy-Lys ( Figure   6d ). As expected, the elution of HSA and Mb, which have pI values around 5 and 7, respectively, was achieved even before initiating a salt gradient. Hence, the studied proteins could be eluted in an order that is compatible with their isoelectric point values. All the findings support the ion-exchange behavior of PHEMA-HA for the retention of the studied model proteins. 
Overloading experiments
Dynamic adsorption capacity of PHEMA-HA for Lys was determined by frontal analysis using the breakthrough curve recorded at pH 7.0 ( Figure 7) . The breakthrough profile recorded on PHEMA is also given in the figure to see the effect of HA immobilization on protein retention. As is known, the area above a breakthrough curve corresponds to the amount of analyte adsorbed. Based on this fact, it can be said that protein adsorption capacity significantly increased after HA immobilization to the PHEMA matrix. It is very clear in Figure 7 that the steep breakthrough curve recorded on PHEMA reaches a plateau concentration at a volume that is very close to the column dead volume. This implies the adsorption capacity of PHEMA for Lys to not be at a significant level. On the other hand, increments observed in both breakthrough and total capacities recorded on PHEMA-HA depict that intensive adsorption is occurring on PHEMA-HA. From the breakthrough profile recorded on PHEMA-HA, dynamic adsorption capacity for Lys was calculated as 4 mg/mL. The calculated value was found to be higher than those reported in previous studies concentrated on polyacrylamide cryogels (i.e. 0.76 mg/mL and 2.5 mg/mL). 23, 28 On the other hand, functional cryogels with higher capacities have also been reported for Lys adsorption (8 mg/mL). When evaluated on the basis of support preparation, PHEMA-HA does not need any difficult surface modification steps, and the functionalization is done by incorporation of HA in one step. Thus, the process involves facile and inexpensive approaches that must be taken into account when comparing the performance of PHEMA-HA with that of previously reported monolithic cryogels. As a conclusion of this section, PHEMA-HA was found to be efficient under nonlinear chromatography conditions, too.
Analytical figures of note
Irreproducible results may be indicative of various undesirable effects like support degradation, inefficient interactions that may stem from the chemistry and the morphology of the stationary phase, inadequate regeneration conditions, and irreversible bindings. Therefore, reproducibility of the obtained results is not only important for evaluating the reliability of the obtained data, but also for evaluating the presence of probable irreversible interactions between proteins and the stationary phase.
Reproducibility was studied by performing some replicate analyses (at least 3) with Chy, Cyt, and Lys.
Peak retention times were analyzed in terms of percent relative standard deviation (% RSD). Results showed that the analytical data can be reproduced for each studied protein with % RSD values lower than 0.35% (number of replicates ≥ 3). When it was evaluated on the basis of peak area, almost the same degree of % RSD was found to be obtained. Moreover, no performance loss was evidenced after dozens of experiments were performed within 6 months. It should also be noted that in protein ion-exchange chromatography the column is sometimes subjected to clean-in-place techniques to refresh the column by passing 1.0 M NaOH solution through it. However, over a 6-month period, PHEMA-HA maintained its performance, and thus there was no need for column refreshment. Hence, PHEMA-HA was found to be an efficient monolithic stationary phase that yielded statistically reproducible results. For this reason, it can be said that protein retention on PHEMA-HA is a reversible process.
In conclusion, an efficient monolithic stationary phase that can be used as an ion-exchanger has been prepared by incorporation of HA through a facile methodology that minimizes the amount of monomers used in the synthesis. The performance of the newly prepared monolithic stationary phase was observed to be good, both under linear and nonlinear chromatography conditions. The role of HA incorporation into the PHEMA matrix was evidenced by dynamic adsorption experiments, and Lys adsorption capacity was found to be improved at a significant level. Finally, it was a very good experience to practice the efficiency of these "elderly" macromolecules, i.e. HA, in protein separation. As mentioned before, HA-incorporated stationary phases have been successfully applied as stationary phases in different modes of HPLC (e.g., RPLC, HILIC, NPLC, and LEC).
9,12,13 Thus, the present work is thought to be an important contribution to show the applicability of a humic stationary phase in another mode of HPLC, i.e. protein ion-exchange chromatography. Hence, the findings prove the flexible and multifunctional character of HA in separation and purification processes. It is believed that further studies may be useful to fully understand the mechanism of HA incorporation to a cryogel matrix and thus to improve the chemical and mechanical properties of the obtained monoliths. The concept and the material represented throughout the present study are thought to be promising in separation and purification processes. Ultrapure water prepared by using a Millipore water purification system was used throughout the experiments. All the solutions and samples were filtered through 0.2-µ m membrane filters before use. A combination pH measurement system (Mettler-Toledo; Seven Easy model) was used to measure the pH of the buffers.
All the chemicals were of analytical reagent grade and used without further purification. Ultrapure water was freshly produced and used to prepare aqueous solutions.
Preparation of PHEMA-HA cryogels
A known procedure used to prepare PHEMA cryogels was modified to obtain PHEMA-HA.
1 Briefly, known amounts of HEMA (i.e. 0.6 mL) and MBAAm (i.e. 0.10 g) were separately dissolved in 2 and 8 mL of degassed water, respectively, and then both solutions were mixed in an ice-bath over 10 min. After addition of APS (i.e. radical initiator, 0.02 g) to the reaction medium, the solution was mixed for a further 5 min in an ice-bath. The required amount of TEMED (i.e. catalyst, 40 µ L) was poured into the mixture to initiate polymerization. This final mixture was divided into two portions (i.e. 6 mL and 4 mL), and each portion was processed simultaneously. The first portion (6 mL) was employed to prepare HA-incorporated cryogel matrix (PHEMA-HA). For this purpose, 0.06 g of purified HA was quickly added to the solution (6 mL) and then the final mixture was rapidly poured into empty columns (5.0 × 120 mm in I.D. and length). The remaining portion (4 mL) was simultaneously poured into another empty column (and vials) to obtain a blank column (i.e. PHEMA) and the cryogel matrix to be used in characterization studies. The columns and vials containing PHEMA and PHEMA-HA precursors were put into a freezer at -20
• C for 24 h. Afterwards, the columns were taken out of the freezer for thawing at room temperature for 2 h, and after this step the obtained cryogels were rinsed with a water + ethanol (75:25; v/v) mixture, water, 1.0 mM NaOH, and finally with water, successively. A representative synthesis route is given in Figure 8 . It should be noticed that, in a previous attempt, incorporation of HA into a cryogel matrix was achieved only in the presence of Cu(II), and without Cu(II) ions a material with poor hydrolytic stability was obtained.
29
Unlike the procedure reported in the mentioned work, in the present study, HA has been directly immobilized into the PHEMA matrix through a newly developed procedure. Hence, by careful control of the experimental conditions, a composite material (PHEMA-HA) with high hydrolytic stability has been obtained.
Characterization of PHEMA-HA
The molecular structure of PHEMA-HA was studied by elemental analysis (C, H, N, and S) and FTIR spectroscopy. For this purpose, the dried monolith was ground in a mortar and pestle and subjected to analyses. Elemental analysis was performed on a LECO CHNS-932 model instrument, and the change in elemental composition after incorporation of HA was evaluated with respect to the abundance of C, H, N, and S elements in PHEMA and PHEMA-HA. FTIR spectra were directly taken on a PerkinElmer 400 model ATR-FTIR instrument in the range of 4000-400 cm −1 with resolution of 4 cm −1 .
The morphology of the prepared monolith was studied by SEM, mercury intrusion porosimetry, and water-holding capacity. SEM images of the dried materials were recorded on a Zeiss Evo Basic model instrument under 1.32 × 10 −2 Pa vacuum after coating the samples by gold sputtering. Pore-size distribution within the PHEMA-HA matrix was studied using a Poremaster 60 (Quantachrome Corporation) instrument at low pressure (i.e. 0-50 psi). Water-holding capacity of the monolith was assessed through a known procedure based on wet and dry weights of the monolith as well as its volume. The procedure yields the water-holding capacity of the monolith, and this can be used to estimate the total void fraction of the monolith (ε T ) . 1, 19 For this purpose, a known amount of the dried monolith was weighed and put into a graduated cylinder containing V 1 mL of water. Afterwards, the final volume (V 2 ) and the weight of wet monolith (m w ) were recorded. Finally, the void fraction was calculated from the following relation:
where
is the mass of dried monolith, and d w is the density of water.
The pH-drift method was followed to calculate the pH pzc of PHEMA and PHEMA-HA and thus evaluate the role of HA incorporation on the surface charge characteristics of the monolith. 17 For this purpose, a known amount of PHEMA or PHEMA-HA was put into 0.01 M NaCl solutions (15 mL) having different initial pH values (pH i ) between 2.0 and 7.0. The mixtures were shaken on an orbital shaker for 24 h and then the final pH (pH f ) values were measured. The data were plotted on ∆pH (i.e. pH f -pH i ) and pH i coordinates, and pH pzc was determined through polynomial curve fitting.
17
To test the hydrolytic stability of PHEMA-HA, some solubility experiments were conducted at pH 11 over 72 h. The obtained supernatant was analyzed by UV-Vis. Spectroscopy (at 410 nm wavelength) was conducted using a PG Instruments machine (model T80).
Chromatography experiments
An Agilent 1260 Series HPLC system with a degasser, quaternary pump, thermostated column compartment, 6-port valve, automatic temperature controlled injection system, and variable wavelength detector was used in the chromatographic experiments.
The performance of the column was evaluated with respect to water permeability (k w ) and height equivalent to a theoretical plate (HETP). The pressure drop ( ∆P ) across the column was measured at different flow rates ( Q) between 0.15 and 4.00 mL/min. The linear distribution of the data plot on the ∆P − Q coordinates was used to calculate the water permeability (k w ; m 2 ) of the column according to Darcy's law, using the following relation: The relation between the number of theoretical plates (and accordingly the HETP) and flow rate was studied between 0.15 and 1.00 mL/min and interpreted graphically. The experiments were performed under nonadsorbing conditions (mobile phase: 1.0 M NaCl in 20 mM phosphate buffer at pH 7.0) by using Chy as the solute. HETP and N values were calculated from the following relations using the retention time, t R , and peak width at the half height of the peak (w 0.5 ):
In the first set of the HPLC experiments performed with single-solute samples, Chy, Cyt, and Lys were used as the probe proteins and the effect of mobile phase composition and pH on the retention behavior was analyzed by gradient elution runs. In gradient elution experiments, 0.50 M NaCl solutions having different pH values (i.e. 5.0, 6.0, and 7.0 in 20 mM phosphate buffer) were used as the mobile phase modifier. The gradient slope was changed by increasing the salt concentration in the mobile phase from 0.00 to 0.50 M within different time intervals between 5 and 30 min, and variation in the capacity factors was evaluated. During the experiments, 20 mM phosphate buffers at pH 5.0, 6.0, or 7.0 were used as the running buffer.
In the second set of HPLC analyses, the separation of some model proteins was studied by using samples containing HSA, Mb, Chy, Cyt, and Lys (0.2 mg/mL for each).
The third set of the chromatography experiments was carried out under overloading conditions where Lys was selected as the probe protein. In the experiments, an aqueous solution of Lys (0.5 mg/mL; in 20 mM phosphate buffer at pH 7.0) was continuously loaded to the PHEMA-HA column, which was previously equilibrated with 20 mM phosphate buffer at pH 7.0 (i.e. running buffer). The progress of the adsorption process was monitored on the detector (UV 280 nm), and the process was terminated when the plateau concentration was reached. After dead-volume correction, Lys binding capacity of the column was calculated from the breakthrough curve by using the following equation:
where q is the amount of Lys adsorbed by unit volume of the monolith (mg/mL), C 0 is the initial concentration of the feed (mg/mL), V is the total volume of the feed loaded to the column until the plateau concentration (mL), V m is the volume of monolith inside the column (mL), A u is the area above the curve, and A d is the area below the breakthrough curve.
In this way, the stationary phase behavior was thoroughly investigated under linear and nonlinear chromatography conditions.
To assess the reusability of the column and to have some intuition about the presence of irreversible interactions between PHEMA-HA and proteins, at least 3 replicate runs were conducted by using single-solute samples of Chy, Cyt, and Lys (5 mg/mL; prepared in 20 mM phosphate buffer at pH 7.0). The results were analyzed in terms of percent relative standard deviation (% RSD).
